1. Introduction {#sec1}
===============

Solid wood, as a raw material to produce furniture, has become increasingly rare due to defforestation that causes desertification \[[@bib1]\]. Lignocellulose sources such as crop residues have a large content of lignin, hemicellulose and cellulose \[[@bib2]\]. Hemicellulose link lignin and cellulose in the lignocellulose matrix. The links are through hydroxyl and carboxylate groups. Hydroxyl and carboxylate groups are utilized during the condensation reaction \[[@bib2]\]. Biobased polymers have been considered in the minimization of formaldehyde emission during making particleboards for furniture \[[@bib3]\].

Copolymerizing natural polymers especially from crop residues emerges as an alternative in reduction of high cost of biodegradable polymeric materials \[[@bib4]\] such as polyhydroxyalkanoate, polycaprolactone and polylactic acid. The high cost of these polymers is attributed to the huge cost involved during their extraction, fermentation and condensation \[[@bib5]\]. Polysaccharides such as starch are obtained directly from cereals and tubers. They thus have a lower cost of production thus leads to an overall reduction in their cost of production. Starch, therefore, becomes affordable biobased polymers. The development of fully biodegradable polymers at low cost for the production of particleboards is currently a major challenge \[[@bib5]\].

Chemical modification of starch is mainly done through oxidation, cationation and esterification. Oxidation using that increases carboxyl content \[[@bib6]\], cationization of starch involves the introduction of the amino group in starch molecules \[[@bib7], [@bib8]\] and esterification involves substitution of hydroxyl groups with alkanoyl groups \[[@bib9]\]. These methods decrease the starch crystallinity by breaking hydrogen bonding groups. Chemical modification of starch introduces new functional group in starch \[[@bib10]\]. The functional groups include carboxyl, acetyl, hydroxypropyl, amine and amide which give specific properties. The chemical modification involves the formation of ester or ether, oxidation converts hydroxyl groups to carboxylic groups or carbonyl in addition to breaking of glycosidic links. Chemical modifications also involves but not limited to crosslinking and phosphorylation \[[@bib11], [@bib12]\], acetylation \[[@bib13]\], carboxymethylation \[[@bib14]\]. Physical modification of starch which includes heat-moisture treatment \[[@bib15]\] disrupts the hydrogen bonding present in lignocellulose material.

Starch-based adhesives have limited applications in particleboard formulation attributrd to large number of free hydroxyl (-OH) that make them highly hydrophilic. Starch solubility can be reduced by chemical modification by reaction with alkali \[[@bib16]\] as shown in [Figure 1](#fig1){ref-type="fig"}.Figure 1Alkalization of starch with sodium hydroxide.Figure 1

Starch is further plasticized with borax as a cross-linker. First, borax hydrolyzes in water form boric acid-borate ion. Secondly, it cross-links the hydrolyzed starch. The first step of borax hydrolysis \[[@bib17]\] is as shown in Eqs. [(1)](#fd1){ref-type="disp-formula"}, [(2)](#fd2){ref-type="disp-formula"}, and [(3)](#fd3){ref-type="disp-formula"}.

Borax form a cross-link between starch and lignocellulose polyols \[[@bib18]\] as shown in [Figure 2](#fig2){ref-type="fig"}.Figure 2Crosslinking starch using borax.Figure 2

Lignin soaked in sodium hydroxide increases the tendency to copolymerize with other polymers such as starch \[[@bib19]\]. Lignin has found application in the formulation of a green composite as a hardener in amine-cured epoxy materials \[[@bib20]\]. Lignin is used to form plasticized starch which improves physical properties as well as mechanical characteristics of composite a material \[[@bib21]\]. Composites consisting of copolymerized lignin and starch can be molded to produce particleboards \[[@bib22]\]. Lignocellulose treatment with sodium hydroxide enhances the distribution of microfibers thus increasing the binding efficiency with the starch matrix \[[@bib23]\].

Lignocellulose materials such as RH contain silica in amorphous form. Silica is hydrolyzed by alkali solutions such as sodium hydroxide (NaOH) forming sodium silicate (Na~2~O.SiO~2~) \[[@bib24]\] as shown in [Eq. (4)](#fd4){ref-type="disp-formula"}.

Sodium silicate hydrolyzes to silicic acid in the presence of water \[[@bib25]\] as shown in [Eq. (5)](#fd5){ref-type="disp-formula"}.

Silicic acid, like formaldehyde-based resins, undergoes polymerization to form an adhesive \[[@bib18], [@bib26]\] as shown in Eqs. [(6)](#fd6){ref-type="disp-formula"} and [(7)](#fd7){ref-type="disp-formula"}

Starch was oxidized using hydrogen peroxide (H~2~O~2~) to form carboxyl and aldehyde functional groups. Silicic acid grafts with oxidized starch \[[@bib27]\] as shown in [Figure 3](#fig3){ref-type="fig"}.Figure 3Reaction pathway for the synthesis of starch-based adhesive.Figure 3

Copolymerization of polyphenolic matrix produces composite material that can be molded to particleboard. Major copolymerization sites on the modified naturally occurring polymers that include starch and components of lignocellulose like lignin hemicellulose and cellulose \[[@bib28], [@bib29]\] are shown in [Figure 4](#fig4){ref-type="fig"}.Figure 4Interaction mechanism between hydrolyzed starch and oxidized lignocellulose materials.Figure 4

This paper presents the characterization of particleboard made using RH, MS and SB using chemically modified starch from cassava peels. The particleboards, as reported by Kariuki, *et al.*, (2019) had the properties shown in [Table 1](#tbl1){ref-type="table"} \[[@bib28]\]. Particleboards formulated with rice husks bound with dextrinized starch (DS), hydrolyzed starch (HS), urea-oxidized starch (UOS) and oxidized starch (OS) were labeled as PBRDS, PBRHS, PBRUOS and PBROS respectively. Particleboard formulated with SB bound with dextrinized starch (DS), hydrolyzed starch (HS), urea-oxidized starch (UOS) and oxidized starch (OS) were labeled as PBSDS, PBSHS, PBSUOS and PBSOS respectively. Particleboard formulated from MSs bound with dextrinized starch (DS), hydrolyzed starch (HS), urea-oxidized starch (UOS) and oxidized starch (OS) were labeled as PBMDS, PBMHS, PBMUOS and PBMOS respectively.Table 1Average values of density, moisture content (MC), water absorption (WA), thickness swelling (TS), internal bond (IB), modulus of rupture (MOR) and modulus of elasticity (MOE).Table 1BoardsDensity in (g/cm^3^)MC in (%)WA in (%)TS in (%)IB in (Nmm^−2^)MOR (Nmm^−2^)MOE (Nmm^−2^)PBRDS0.623^a^9.700^b^74.67^a^20.63^b^1.623^a^13.553^a^2875.67^b^PBRHS0.612^a^9.587^a^76.33^a^19.32^a^1.613^a^13.630^a^2651.61^a^PBRUOS0.621^a^9.487^d^68.61^c^19.12^d^1.710^c^14.323^c^2891.67^d^PBROS0.622^a^9.593^c^64.67^b^18.59^c^1.657^b^13.770^b^2806.67^c^PBSDS0.627^b^9.770^b^69.27^b^19.88^a^1.677^a^13.630^b^2907.68^b^PBSHS0.608^a^9.543^a^66.67^a^18.94^a^1.720^a^13.880^a^3175.71^a^PBSUOS0.611^ab^9.553^c^71.04^d^18.46^c^1.950^c^14.320^d^3329.93^d^PBSOS0.619^ab^9.567^a^61.33^c^18.23^b^1.820^b^14.134^c^3229.08^c^PBMDS0.622^b^9.843^b^83.87^a^23.43^b^2.367^b^13.960^b^2364.20^b^PBMHS0.604^a^9.577^a^81.33^a^22.77^a^2.220^a^14.380^a^2508.34^a^PBMUOS0.615^a^9.593^d^78.68^c^19.44^d^2.370^bd^14.830^d^2716.57^d^PBMOS0.621^c^9.763^c^72.67^b^19.31^c^2.343^c^14.720^c^2672.27^c^[^1]

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Lignin sources were collected from three geographical areas for cereal straws; Maize stalks were obtained from Arahuka Farm in Nakuru County, Kenya (0^o^ 18′ S, 36^o^ 4′ E), Sugarcane residues were collected from Muhoroni Sugar Company in Kisumu County, Kenya (0^o^ 5′ S, 34^o^ 46′E) while RH were collected in Mwea Rice Millers (0^o^ 37′S, 37^o^ 20′ E), Kirinyaga county. MS was chopped and milled to \<10 mm in particle size. SB was used in same form collected from the disposal site. RH were reduced to less than 10 mm in particle. Crop residues dried at 105 °C in an oven untill no change in mass was recorded. Cassava tubers were obtained from Thika, Kiambu County. Peels from cassava tubers were harvested and rinsed with distilled water.

2.2. Lignin determination {#sec2.2}
-------------------------

Lignin in lignocellulose material was determined in accordance with Klason method \[[@bib30]\]. 10.00 g of the ground lignocellulose material was weighed and labeled L~1~. 14 ml of 13.4M sulphuric acid at 25 ^o^Cwas then added to L1 while stirring for 30 min. The resultant mixture was then allowed cool for 2 h, washed with 450 mL of deionized water in a cornical flask. The resultant mixture was then boiled for 4 h under reflux, filtered and residue rinsed using deionized water. The residue was oven dried at 105 ° C to a constant mass. The dried residue was cooled, weighed and the mass recorded as lignin content \[[@bib31]\]. The dried insoluble substance was labeled L~2~. The percentage of lignin content was calculated using [Eq. (8)](#fd8){ref-type="disp-formula"}.$$\text{Percentage}\ \ \text{lignin}\ \ \text{content} = \frac{\text{L}_{2}}{\text{L}_{1}} \times w \times 100$$where *w* is the mass of lignocellulose used.

2.3. Preparation of oxidized starch {#sec2.3}
-----------------------------------

12.50 g of ground starch and 5.00 g Na~2~CO~3~ was mixed and 40.0 mL 20 % H~2~O~2~ in a 200 mL beaker while stirring for 30 min. The resulting mixture was dried to a constant mass at 60 °C. The resultant solid was pulverized to a fineness of 100 microns. The process was done in triplicates \[[@bib32]\]. The three portions were prepared as P1, P2, and P3.

2.4. Preparation of lignocellulose material {#sec2.4}
-------------------------------------------

The preparation of lignocellulose material for the study was done following Sluiter *et al.,* 2016) \[[@bib33]\]*.* 70 g of dried lignocellulose material was soaked in 1400 mL of 20% hydrogen peroxide in a 2000 mL beaker at pH 11.5 maintained using sodium hydroxide. The mixtures were stirred using a magnetic stirrer maintained at 25 °C for 15 min then filtered with Buchner funnel. The solid part was rinsed using deionized water. The solid was oven dried at 105 °C to a constant weight.

2.5. Particleboard formulation {#sec2.5}
------------------------------

Particleboard was formulation in accordance to starch--lignin polymer preparation \[[@bib34]\] with slight modification. 12.5 g of starch was added to a pre-heated 250 cm^3^ of 0.4 M NaOH solution at 40 °C placed on a heater in a 500 cm^3^ Pyrex beaker while stirring. The temperature of the resultant mixture was raised to 55 and 60 °C and remained at that range for further 15 min. To the resultant mixture 2.00 g of sodium borate (borax) was while stirring for further 15 min. The hot mixture was put into a 1000 cm^3^ plastic beaker and 70 g of MS added and stirred with a wooden stick for 10 min. The resulting composte material was allowed to cure for 2 h at 25.0 °C and transferred to an iron mold lined with 1 mm polyethene sheet. The composite material was compressed for 6 min at 6.5 Nmm^−2^ pressure at 30 °C. The mold was air-dried for 48 h to to a constant mass. The air dried mold was further oven dried at 60.0 °C to a constant mass. Procedure replicated separately for RH and SB. The procedure was done in triplicate for each lignocellulose material. The resultant particleboards were labeled as PBROS, PBSOS and PBMOS for formulations with RH, SB and MS respectively.

3. Characterization and testing {#sec3}
===============================

3.1. Nuclear magnetic resonance (NMR) analysis {#sec3.1}
----------------------------------------------

The solid-state ^13^C CP-MAS NMR spectra for cassava peel starch-NaOH-borax adhesive were used with Bruker AV400 spectrometer operated at 100.61 MHz frequency using a 4 mm wide-line MAS probe. Samples were spunned at 10 kHz in zirconia rotors to obtain spectra utilizing a CP-MAS pulse sequence equiped with 1 ms contact time and a 5 s recycle delay. The spectra was obtained by averaging 1800--4000 scans. Chemical shift (δ) was refered to deuterochloroform (CDCl~3~) as a control. Sample spectra were determined using literature reference spectra to identify main molecular groups.

3.2. X-ray diffraction (XRD) analysis {#sec3.2}
-------------------------------------

10.00 g of the ground sample of lignocellulose material and cassava peels starch was put in six sample cell holders. The sample holders were tapped carefully to ensure the particles were parked to avoid displacement which affects peak shifts. They were then loaded for analysis of minerals using data collector software. The result of the analysis of minerals present in each sample was obtained using a Bruker D~2~ phaser diffractometer for analysis. Data was shown in single-phase collection of XRD patterns for most intense 3D values in form of interplanar spacings (D) tables, mineral name and relative intensities (^I^/~Io~) \[[@bib35]\]. Sample spectra were related to literature reference spectra to identify the mineral.

3.3. Fourier transform infrared (FT--IR) spectroscopy {#sec3.3}
-----------------------------------------------------

FT-IR spectroscopy was done using direct transmittance with attenuated total reflectance (ATR) accessory (IRT Laser-100 SHIMADZU). Spectrum were scanned at a resolution of 4 cm^−1^ between 600 cm^−1^ to 4000 cm^−1^. The background spectrum for each sample was collected before sampling. Particleboards were conditioned to 102 °C for 24 h in an oven. All the infrared spectra were obtained with an FTIR spectrometer by use of the KBr disk method. Spectra recordind was done using 32 scans at an average at a resolution of 4 cm^−1^. Untreated and treated samples were pulverized to 100 mesh. 200 mg of samples were oven dried at 60 °C for overnight. Ground samples were converted into a ball and placed in a desiccator with phosphorus pentoxide (P~2~O~5~). Samples heat-treated with similar mass losses were used for spectra collection. Each treatment-time-species combination gave 1 spectrum. The spectra were collected with 1.50 mg--1.55 mg material using attenuated total reflectance. The sample spectra were related to literature reference spectra to identify functional groups \[[@bib36]\]. The samples of the particleboards were scanned using the ATR with less emphasis on the sample preparation. ART avoids any reactions that affect the structure of the functional groups during its preparation.

4. Results and discussion {#sec4}
=========================

4.1. Lignin content {#sec4.1}
-------------------

Lignin in MS, SB, and RH was determined. SB contains the highest percentage of lignin that range from 21.5 ± 2.1 %, MS and RH had 11.4 ± 1.2 % and 15.9 ± 6.2 % respectively. Lignin content determines the WA and TS of particleboards. Lignin incorporated to composite material results into reduced WA and TS \[[@bib37]\]. Lignin is a natural adhesives \[[@bib38], [@bib39]\]. Lignin has few free hydroxyl (-OH) groups that bond with water forming hydrogen bonding \[[@bib40]\]. Hydroxyl groups from materials such as lignin are utilized during copolymerization. These findings indicate that the levels of cellulose and hemicellulose make up a higher percentage of the lignocellulose material. Cellulose and hemicellulose act as filler material in the manufacture of the composite material.

4.2. Fourier transform infrared(FT-IR) spectroscopy {#sec4.2}
---------------------------------------------------

[Figure 5](#fig5){ref-type="fig"} show the main absorption bands in oxidized cassava peel starch, raw cassava peel starch, PBSOS, PBROS, PBMos, raw SB, raw RH and raw MS.Figure 5FTIR spectra for cassava starch, rice husks and the board made from rice husks and cassava starch.Figure 5

Major peak was observed at 3415.06 cm^−1^ associated to hydroxyl (-OH) groups and primary amine groups in the compounds. A peak at 1625.98 cm^−1^ was attributed to --OH bending mainly observed as a result of WA. Peaks attributed to --C-H from starch, cellulose, hemicellulose, and lignin were observed at 2484.4 cm^−1^ and 1362.7 cm^−1^. A peak corresponding to --C=O vibration appeared at 1229.64 cm^−1^. Another peak at 1102.4 cm^−1^ that relate to -C-O stretching was observed. The reduction of --OH peaks at 3414.06 cm^−1^ and corresponding rise of peak size at 2484.36 cm^−1^ for -C-O was observed. This change was attributed to utilization --OH as they are converted to ethers and esters. Hydroxyl (--OH) group spectra remained is due to the presence of sodium hydroxide (NaOH) utilized during pre-treatment. It also associated with water (H~2~O) formed during the condensation reaction and hydrolysis of borax in sodium hydroxide formation to form boric acid. Peaks that appeared at 1150 and 950 cm^−1^ were associated to B--OH due to the hydrolysis of sodium borate. Staroszczyk and Janas (2010) reported a similar peak at around 1194 cm^−1^ associated with B--O--H, characteristic for the trigonal planar molecules of boric acid \[[@bib41]\].

Reduction in peak size at 3414.06 cm^−1^ --OH is due to its reaction during condensation reaction. With an increase in peak size at C=O and C--O, it showed that there was the formation of an ester. The peak associated with -C-H increased due combination of -C-H from lignocellulose matrices and cassava peels starch. A decrease in the major peak at 995.05 cm^−1^attributed to C--OH reveals the loss of --OH from glucose utilized in silication reaction. This change increased peak intensity at 1082.01 cm^−1^ associated with -C-O-C in glycosidic bond found in starch as a result of interaction between silicic acid and starch. Staroszczyk and Janas (2010) obtained similar results during the modification of potato starch with silicic acid \[[@bib41]\]. The decrease in peak size at 1345.5 cm^−1^ is attributed to the crosslinking of starch with hydrolyzed borax, this led to occurence of a peak at 1259.74 cm^−1^ associated to C--O--B--O--C. This shows, therefore, B--O--H was transformed through a condensation reaction with --OH from lignocellulose material. Staroszczyk and Janas (2010) reported similar transformations of B--OH to C--O--B--O--C during boration of potato starch.

Peaks observed between 850 and 900 cm^−1^ are attributed to β-(1--4)-glucosidic linkages of cellulose \[[@bib42]\]. Similar results were obtained in analysis of corn stalk with an absorption band at 895cm^−1^ \[[@bib43]\]. The glucosidic linkage is hydrolyzed with alkaline catalyst to form carbohydrate chains from glycoconjugates. Chemical shift observed is due to extensive lignin and hemicellulose removal during pretreatment with sodium hydroxide (NaOH) that exposes cellulose. Hydrolysis glucosidic linkage alter the cellulose structure which causes hydrogen bonding rearrangement in the network \[[@bib44]\].

Discussion above clearly shows there were bond formation as a result of esterification between carboxylic groups from cassava peels starch and hydroxyl groups from lignocellulose material, silication process, the reaction between hydroxyl groups from silicic acid with carboxylic groups from cassava peels starch, crosslinking of starch with hydrolyzed borax through condensation reaction between hydroxyl groups from borate and lignocellulose material. These are the major bond formation that resulted in particleboard formulation.

4.3. Mineralogical composition of starch, lignocellulose and composite material formed {#sec4.3}
--------------------------------------------------------------------------------------

[Figure 6](#fig6){ref-type="fig"} shows results of XRD analysis for the cassava peel starch, MS, SB, RH, and laboratory starch determined in the study.Figure 6X-ray diffraction of rice husks, sugarcane bagasse, maize stalk, and lab starch.Figure 6

[Figure 6](#fig6){ref-type="fig"} shows the diffractogram of untreated SB, RH, and MS. XRD patterns of untreated SB, RH, and MS had peaks (2θ) at 15.3°, 17.5^o^, and 23.1° which is a typical identity of cellulose. Crystallinity is attributed to amide bonds as well as hydrogen bonding between amino (-NH~2~), and hydroxyl (-OH) groups from starch and cellulose. The intensity of the crystallinity depends on the amount of cellulose. The composite material used to formulate particleboards showed the highest peaks. An increase in peaks showed the coexistence of cellulose in both starch and lignocellulose material \[[@bib45]\].

The decrease in starch crystallinity is attributed to lignin incorporated in starch. Lignin exists as an amorphous polymer. Cassava peels starch portrayed C-type crystallinity of A-type. The starch analysis showed 2θ = 17.5°. The peak is attributed to the presence of amylopectin recrystallization (B-type crystallization). Amylose diffraction spectra were observed at 2θ = 23.1° denoted as V~H~-type. Addition of lignocellulose material reduced the V~H~ --type peak due to lignin present. Reduction in crystallinity of B-type index was observed in all samples that was dependent on the concentration of lignin. The partial decrease in peak size shows low compatibility of cassava peel starch with lignin. This is due to strong attraction between phenolic groups in the lignin. Morphology analysis of gelatinized starch showed homogeneity between sodium hydroxide and borax as used as a plasticizer. Lignocellulose material made the surface rough which is observed in all composite materials. The above observation is similar to the ones observed by Uthumporn, *et al.*, (2012) who were working on hydrolysis of cereal starch granules using sodium hydroxide \[[@bib46]\].

XRD spectra for RH showed extra spectra at 2θ = 22^o^ which is attributed to silica in the form of SiO~2~ and 25.23^o^ attributed to sodium silicate. RH are known to have a high ash content than the other materials under study. Further, the ash is documented to have a high silica content \[[@bib47]\]. Similar findings were found by Fernandes, *et al.*, (2017) while characterizing SiO~2~ from rice husks ash (RHA) \[[@bib48]\]. The same observation was made in characterization of amorphous SiO~2~ production from RHA \[[@bib49]\]. The presence of this SiO~2~ confirmed the appearance of the results obtained from the FTIR spectra in [Figure 5](#fig5){ref-type="fig"}. Silica can be utilized in bonding by converting it to silicic acid. Silicic acid has been utilized as an adhesive and can be crosslinked with organic molecules through biomineralization \[[@bib50]\].

The discussion above shows a reduction in crystallinity in cassava peels starch on addition of lignocellulose material. This is due to etherification of hydroxyl groups from starch and hydroxyl groups from phenolic groups in lignin in lignocellulose material. Reduction in crystallinity is attributed to esterification due to reaction between carboxylic groups from oxidized starch with hydroxyl groups in phenolic groups from lignin in lignocellulose material Copolymerization through etherification and esterification between cassava peels starch and lignocellulose material form a covalent bond. Covalent bonding is one of the major molecular bonds in the formulation of particleboards.

4.4. NMR analysis results for raw materials and formulated particleboard {#sec4.4}
------------------------------------------------------------------------

NMR analysis for MS, SB, RH and formulated particleboards was done and the results shown in [Figure 7](#fig7){ref-type="fig"}.Figure 7NMR spectra for cassava peel starch, maize stalk, rice husks, sugarcane bagasse and particleboards formulated.Figure 7

NMR analysis for MS, SB, RH, and formulated particle boards are presented in [Table 2](#tbl2){ref-type="table"}.Table 2MAS 13C NMR chemical shifts and attributed functional groups.Table 2^13^C chemical shift (ppm)Chemical group11.47RCH~3~24.7CH~3~, C in R~2~CH~2~25.36C in R~2~CH~2~32.94C in CH~3~CO42.29C in RCH~2~NH~2~46.93C in R~2~CH~2~46.92CH~3~CO, hydroxylamine, oximes, hydroxamic acid57.43C in RCH~2~OH of C~6~ carbon of crystalline cellulose64.57C in RCH~2~OH72.37C~2~, C~3~, and C~5~ of cellulose and hemicellulose and hemicellulose and OC~α~H~2~ carbons of lignin82Alkynes and hemicellulosesOC~α~H~2~ carbons of lignin88.57C in RCH~2~O104.7991 and 119.3584C in alkene116 and 146C~1~ and C~6~ associated with aromatic and carbon of double bonds on the side chain128.8219, 137.0418, 145.2929, and 150.7820Alkene and aromatic in lignin and its derivative131Alkene172 and 176Carbonyl in ester and acid and carbonyl128.8219, 137.0418, 145.2929,C in alkene150.7820aromatic167.7981, 170.2550, 171.8323, 172.8332, 177.2010 and 181.4474carbonyls in ester and carboxylic acid

Particleboards formulated from SB showed major spectra at 24.7 ppm associated with CH~3~ in acetyl groups of hemicelluloses and lignin. This spectrum is associated with CH~3~CO, hydroxylamines, oximes and hydroxamic acids. At 46 ppm peak was observed that is related to disilene. At 64 ppm a peak associated with CH~2~- in RCH~2~OH was also observed from C~6~ carbon of crystalline cellulose. Signals at 60 ppm--105 ppm are attributed to the carbohydrates from starch, hemicellulose and cellulose. An increase in the peak size attributed to the combination of starch, cellulose, lignin and hemicellulose molecules \[[@bib51]\]. Other peaks observed were at 72 ppm associated with C~5~, C~3~ and C~2~ of hemicellulose and cellulose. Spectra between 60 to 80 ppm are attributed to the etherification of aromatic rings \[[@bib52]\]. The peak at 82 ppm associated with alkynes, 116 ppm and 146 for C~1~ and C~6~ associated with aromatic and carbon of double bonds on the side chain. The peak at 131 ppm is associated with an alkene, 172 and 176 ppm were observed for carbonyl in ester and acid and carbonyl. NMR peaks around 170 ppm are a result of aliphatic esters and aliphatic carbonyls \[[@bib53]\].

Particleboards formulated with RH and modified starch showed major peaks at 11.4684 which is associated with RCH~3~. A peak observed at 25.3603 ppm is associated with C in R~2~CH~2.~ A peak observed at 32.9433 ppm is attributed to C in CH~3~CO- whereas at 42.2854 ppm associated with C in RCH~2~NH~2~. The peak at 57.4267 ppm is associated with C in methoxy group \[[@bib54]\] and 64.6399 ppm associated with C in RCH~2~OH of C6 carbon of crystalline cellulose, 72.2532 and 82.4446 ppm associated with C in alkynes and hemicelluloses \[[@bib55]\]. A peak was observed at 88.5717 ppm is associated with the presence of C in RCH~2~O-, 104.7991 and 119.3584 ppm associated with C in alkene, 128.8219, 137.0418, 145.2929, and 150.7820 ppm associated with aromatic \[[@bib56]\]. Spectral lines observed at 167.7981, 170.2550, 171.8323, 172.8332, 177.2010 and 181.4474 ppm are associated with carbonyls in ester and carboxylic acid.

Particleboards formulated with MS gave major spectra peaks at 24.7234 ppm in R~2~CH~2~, 46.9262 ppm for C in RCH~2~NH~2~, 64.5793 ppm for C in RCH~2~OH. The strong peak at 58--68 ppm is associated with C~6~ \[[@bib57]\], 72.3745 ppm from C~2~ C~3~, C~5~ of cellulose. Peaks between 68 to 78 ppm attributed to the interaction of C~5~, C~3~ and C~2~ during reaction between hydrolyzed starch and high amylose starch \[[@bib58]\]. Carbon of lignin and 82.5390 ppm associated with C in alkynes, 104.5888 ppm associated with C~1~ of single helix part in starch granules, 116.5982, 131.6730 and 146.0503 ppm are attributed to the presence of aromatic. 172.7332 and 176.5356 ppm are identified with carbonyls in ester and acid.

Spectrum acquired on SB, RH and MS showed the presence of peaks at 21.5 and 173.6 ppm an evidence that hemicellulose is present. The peaks at 50 ppm--120 ppm are associated with the presence of hemicellulose \[[@bib59]\]. There were slight changes in spectra size attributed to lignin due to delignification during sodium hydroxide treatment. Cellulose extracted from sugarcane was identified with the following peaks: 64.8 ppm. 62.4 ppm, 72.5--74.8 ppm, 82.3--83.7 ppm, 88.8 ppm and 104.7 ppm \[[@bib60]\]. Intensity of spectra increased between 70 ppm to 76 ppm which is attributed to combination of C~2~, C~3~ and C~5~ from cassava peel starch and cellulose from lignocellulose material. Cassava peel starch and cellulose polymers undergo condensation reaction to form copolymers that increases C~2~, C~3~ and C~5~ in the chain.

Peaks concentrated between 50 and 120 ppm attributed to the three main components of lignocellulose material. Peaks at 62.5 and 83.4 ppm are mainly attributed to cellulose carbons, while those at 64.7 and 87.8 ppm are mainly associated to cellulose carbons. Peaks observed between 100 ppm to 200 ppm are associated with lignin. Lignin specta are broader because of their complexity in chemical nature and existence of structure that is disordered. Signals at 21.4 ppm and 173.5 ppm are attributed to hemicellulose carbons and peak at 56.3 ppm is associated to methoxy (OCH~3~) found in lignin \[[@bib61]\]. In comparison, the result showed that cassava peels starch and lignocellulose material combined to form a composite material. Results showed that --OH, H--O--B and N--H were broken and formation of C--N, C--O--B and C=O were formed. C--N and C=O appear between 150 to 200 ppm.

The emergence of peaks related to carbonyl groups in esters and polypeptide bonds is attributed to the reaction between cassava peels starch and lignocellulose material. Carbonyl groups are produced through the esterification of carboxylic acid from starch and hydroxyl (-OH) from aromatic groups of lignin, cellulose and hemicellulose through condensation reaction. Polypeptide bond is formed from the reaction between amine groups from crude proteins in cassava peels starch and hydroxyl groups from lignocellulose material through condensation reaction. Condensation reaction results in copolymerization between natural polymers in lignocellulose material and cassava peel starch that was used in the formulation of the particleboards.

4.5. SEM analysis of starch and particleboards {#sec4.5}
----------------------------------------------

SEM analysis of untreated cassava peel starch was determined and the results shown in [Figure 8](#fig8){ref-type="fig"}.Figure 8Sem analysis of raw starch from cassava peels.Figure 8

Cassava peels starch exists in mixed patterns of elliptical-shape, round crystalline form and amorphous parts. Different shapes are as a result of hydrogen bonding within amylopectin molecules. Hydrogen bonding also exists between amylose and amylopectin. Pores increase the surface area where the chemical reaction occurs. Porosity significantly influences starch chemical reactivity \[[@bib62]\]. Microscopic pores make the surface of cassava peel starch appear smooth. Molecules in the starch granules and amorphous region contain hydroxyl groups that are required during the chemical reaction. Break down granules to increase starch surface area.

SEM analysis for the gelatinized starch was done and the image shown in [Figure 9](#fig9){ref-type="fig"}.Figure 9SEM analysis of gelatinized starch.Figure 9

[Figure 9](#fig9){ref-type="fig"} show dispersion of cassava peel starch granules treated with sodium hydroxide (NaOH) solution. Sodium hydroxide (NaOH) promotes swelling and dispersion of starch granules. Chemical treatment of starch using sodium hydroxide was utilized to form a gel which exposes the --OH groups used during copolymerization. NaOH reacts with hydroxyl (-OH) groups from starch to form sodium salts. The formation of sodium salts breaks up the hydrogen bonding between starch molecules leading to exposure of more hydroxyl groups \[[@bib63], [@bib64]\]. Change in morphology, therefore, is attributed change of some OH groups to O^--^Na^+^ and alkali hydrolysis of some glycoside bonds. NaOH reduces the rigidity and stability of cassava peels starch. The mobility of cassava peels starch results into loss of granular form \[[@bib65]\]. Gelatinized starch was used as a binder in this study.

SEM micrographs of formulated particleboards with SB, MS and RH bound with oxidized starch are shown in [Figure 10](#fig10){ref-type="fig"}.Figure 10SEM analysis of a) PBS/OS, b) PBM/OS and c) PBR/OS.Figure 10

[Figure 10](#fig10){ref-type="fig"} shows SEM images of surfaces of the particleboards formulated in this study. All particleboards showed an interaction between gelatinized starch and the lignocellulose materials. The variation in density in [Table 1](#tbl1){ref-type="table"} is attributed to the reaction between starch and the lignocellulose material. SEM analysis for the particleboards showed larger voids between the SB fiber materials and cassava peels adhesive. Voids are formed due to insufficient interaction between lignocellulose material and the adhesive. SB had the highest lignin content among the three lignocellulose material. Lignin is hydrophobic with few hydroxyl groups that are used in bonding with starch molecules. Low cellulose content reduces the binding area of adhesive. Particleboards formulated with SB appeared rough due to protrusions roughness of the lignocellulose material used. Carboxylic groups in oxidized starch react with --OH of the lignocellulose material. Starch hydrolysis with sodium hydroxide only broke the hydrogen bonding. Gelatinized starch was trapped in the SB matrix resulting in a lower degree of penetration. Interaction between two polymers reduces the mobility of an adhesive \[[@bib66]\].

SEM micrographs of particleboards formulated with MS showed smaller voids between lignocellulose material and adhesive. The presence of cellulose and hemicellulose fillers provided extra interaction sites between lignocellulose material and the adhesive. Cellulose content increases fiber tensile properties through oxidation \[[@bib67]\]. Hydroxyl (-OH) groups from cellulose are transformed to aldehydes and carboxylic acid \[[@bib28], [@bib68]\]. Carboxylic (-COOH) groups react with hydroxyl (-OH) groups in cassava peel starch to form a covalent bond through esterification. Particleboards formulated from MS showed smooth surfaces due to cementation from hemicellulose and lignin. Similar findings were reported when RH was treatment with using sodium hydroxide (NaOH) \[[@bib69]\].

SEM analysis of particleboards formulated with RH showed a more undulated surface associated with regularly spaced conical-like protrusion. This is also due to SiO~2~ adhesion as a result of the reaction between silica and sodium hydroxide to form sodium silicate. Small pores are associated with the cementing of cellulose and hemicellulose. Sodium silicate acts as an adhesive and a filler for voids to make the surface have a smoother appearance.

Images in SEM analysis explain the different spectral lines in NMR analysis. The reaction between the cassava peel adhesive and lignocellulose material relates to the difference in appearances on the surface of the particleboard formulated. Spectra at 72.2532 ppm increased from those of raw materials to those of particleboards. The change is associated with the combination of cellulose and starch materials. The interaction between MS and cassava peel starch showed the highest peak. The reaction between lignocellulose material and modified starch determines the mechanical properties of the formulated particleboards. Higher compatibility results in a higher modulus of rupture (MOR). The reaction between RH and cassava peels starch as clearly indicated in NMR spectra, gave the highest MOR and internal bonding. MOR depends on the bond strength in the polymer matrix, surface topology and lignocellulose material \[[@bib70]\].

Discussion above clearly shows the interaction between cassava peels starch and lignocellulose material is measured by the size of the voids in particleboards. Voids are attributed to the interaction of carboxylic (-COOH) group in starch with hydroxyl (-OH) groups in lignin, cellulose and hemicellulose. Voids in particleboards explain the levels of reaction in lignocellulose materials and cassava peels starch. Smallest void were observed in the particleboards formulated from RH. This is due to the reaction of --COOH and --OH from cassava peel starch with hydroxyl groups from silicic acid, lignin, cellulose and hemicellulose. MS consists of hydroxyl groups from cellulose, hemicellulose and lignin that reacted with carboxylic and hydroxyl groups in starch molecules. SB had a higher content of lignin which implies that few hydroxyl groups used for reaction with carboxylic and hydroxyl groups in cassava starch. Hydrolized rice husk has more reaction sites compared with MS and SB.

5. Conclusion {#sec5}
=============

Lignocellulose materials are copolymerized with cassava peel starch through covalent bondage formed through condensation reaction. Oxidation of starch converts C--OH to --COOH. The carboxylic group reacts with hydroxyl groups from lignin, cellulose and hemicellulose natural polymers through esterification and etherification in condensation polymerization that brings about molecular bonding during particleboard formulation. High lignin content results to low WA and TS. Its structure provides a higher MOE and MOR. Formulated particleboards from RH showed smallest sizes of voids are associated with interaction between carboxylic and hydroxyl from starch with hydroxyl from silicic acid, lignin, cellulose and hemicellulose, whereas for sugarcane bagasse showed largest void sizes had a higher content of lignin which implies that few hydroxyl groups used for reaction with carboxylic and hydroxyl groups in cassava starch. Silica (SiO~2~) and NaOH reacts to form Na~2~SiO~3~ that hydrolysis to silicic acid. Silicic acid reacts with cassava peels through the silication process where hydroxyl groups from silicic acid with carboxylic groups from cassava peels starch. Crosslinking of starch with hydrolyzed borax through condensation reaction between hydroxyl groups from borate and lignocellulose material provides another major bond formation in particleboard formulation.
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[^1]: Values shown indicate the means and the superscript with same small letters indicate that they are not significantly different and different small letters indicate they are significant different with respect to their mean.
